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ABSTRACT 


Stress in aquaculture can be modulated by specific stress-limiting factors such as Phytogenic Feed Additives (PFAs), 
known for their welfare-promoting effects. Three stress trials with gilthead seabream were, therefore, conducted 
aiming at evaluating the possible beneficial role of three PFAs as welfare-promoters under stress-induced farming 
conditions, such as starvation (Trial I: Fish starvation for 14 days), high-density (Trial I: Fish were stocked in 
aquaria at 1.2 Kg/m? and 2 Kg/m’) and intense handling procedures (Trial II: Fish were kept out of water in the 
open air for 5 min). Seven dietary treatments were supplemented with Cannabis sativa seed oil, Origanum vulgare, 
and Cinnamomum zeylanicum essential oils at 1% and 2%. DNA damage in hepatocytes and erythrocytes and blood 
cortisol were assessed as stress indices. Diets supplemented with PFAs proved to decrease induced genotoxicity under 
starvation in most cases and under high-density stocking conditions in the case of OR1% and CAN1% groups. 
However, their genoprotective role was not clear under intense netting procedures. Their positive impact was more 
obvious in cortisol values in all trials. Differences presented between the PFAs, the applied doses, and the examined 
tissues may be related to the toxic effects of PFAs and variations in DNA damage and repair mechanisms. 
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INTRODUCTION 


Aquaculture is one of the fastest-growing sectors of animal 
production with a significant impact on economic growth [1]. 
The continuous growth of the sector, which nowadays has reached 
122.6 million tons, is based on the intensification of production 
[2]. However, fish in intensive aquaculture systems come through 
adverse conditions that impair their health status and well-being 
[3]. Aquaculture practices tend to cause inevitable acute and 
chronic stress with fish being vulnerable to diseases associated with 
significant losses during production [4-6]. 


Factors such as handling, starvation, and stocking density can be 
highlighted as crucial. The handling of fish in intensive farms is 
an unavoidable practice [7,8], and involves chasing, netting, and 
air exposure [9]. Hypoxia is an extremely stressful condition [10], 
and the removal of fish from the water should be done only when 
necessary [11,12]. Handling causes acute stress and can affect the 
stress response of fish, inducing DNA damage in aquatic organisms 
[13]. These biochemical and physiological alterations may result in 
a decrease in fish resistance to pathogenic microorganisms, thus 
increasing susceptibility to diseases [14,15]. Feeding and feed 
compensation aquaculture practices are under scientific evaluation 


for their biological and behavioural consequences, since there 
is a growing concern for fish welfare [16]. Starvation during 
feed compensation is a severe stress factor for animals’ survival 
and development [17]. The organism can adapt to maintain 
homeostasis and regulate its metabolism, making physiological, 
biochemical, and behavioral changes [18]. In intensive aquaculture, 
applying a short period of starvation is a good practice before 
specific manipulations as it contributes to the cleaning of fish’s 
digestive tract, and reduces metabolic rate and stress, while it does 
not degrade water quality [19]. Increasing stocking density in fish 
farming is an effective method to mitigate operating costs in the 
aquaculture business. The low stocking density is avoided as the 
available space should be utilized to the maximum to achieve the 
desired fish production [20]. Stocking density is an important 
factor that may affect fish physiology and, thus, fish welfare [21]. 
Fish density can affect fish growth factors related to water quality 
and spatial and foraging dominance [22,23]. Many authors 
report that when increasing stocking density, survival, growth, 
production, behaviour, and health are affected [5,24]. Indicator 
parameters or Operational Welfare Indicators (OWI) can be 
categorized in many ways and can indicate whether aquaculture 
practices adversely affect fish [12]. Amongst the most reliable 
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direct-biological indicators is cortisol which is considered the major 
stress hormone [25]. It may affect physiological and brain functions 
as well as behavioral changes and thus is related to fish welfare. 
Furthermore, the detection of DNA damage in different cell types 
under stressful conditions is considered a reliable stress indicator 
[13]. Stressors linked to intensive aquaculture practices significantly 
increase Reactive Oxygen Species (ROS) production, leading to 
DNA damage, which is determined as an after-effect [26]. 


Stress can be modulated by specific stress-limiting factors related 
to the aquatic environment and social interactions [27]. It 
is commonly accepted that medicinal herbal extracts have a 
positive impact as dietary additives in fish production toward 
environmental and animal protection [28]. Essential Oils (EOs) 
are Phytogenic Feed Additives (PFAs) known for their growth, 
health, and welfare-ppromoting effects [29,30]. Furthermore, 
several studies have reported their effects as sedatives, anesthetics, 
antioxidants, and antimicrobials [31-33]. These medicinal herbal 
extracts are composed of volatile molecules with useful biological 
activities, which consider important in fish nutrition, due to their 
physicochemical characteristics [33]. 


Oregano (Origanum vulgare) and cinnamon (Cinnamomum zeylanicum) 
are two of the most commonly used medicinal herbs. O. vulgare 
is a plant member of the Lamiaceae family, widely distributed in 
the Mediterranean, which contains bioactive substances (carvacrol, 
thymol, and their precursors, y-terpinene, and p-cymene) affecting 
health, physiology, and metabolic pathways in animals [34]. 
Carvacrol is recognized as a safe component by the U.S. Food 
and Drug Administration (FDA), the European commission, and 
the Food and Agriculture Organization (FAO)/World Health 
Organization (WHO) committee on food additives [35-37]. O. 
vulgare and its natural compounds are commonly accepted as 
antioxidant, antidiabetic, anti-inflammatory, antimicrobial, 
antiviral, antiparasitic, antineoplastic, and immunostimulants [38- 
42], while they have proven growth-promoting effects [1,43-45]. 
Furthermore, it is known as a welfare promoter, reducing stress 
and mitigating DNA damage induced by stress factors [46,47]. 
Cinnamon (C. zeylanicum) is used worldwide as a flavouring spice 
and is known as Ceylon cinnamon [48]. The main components 
of essential oils (Trans-cinnamaldehyde, Eugenol, and Linalool) 
are found in the bark of the plant [49,50]. Trans-cinnamaldehyde 
constitutes 49.0%-62.8% of essential oils components and 
is related to the medicinal, antimicrobial, antioxidant, and 
anesthetic properties of cinnamon [51-55]. The concentration 
of cinnamaldehyde is affected by environmental factors and the 
form that is applied, as the essential oil has a higher concentration 
than the powder [56]. The use of cinnamon enhances the innate 
immune system and promotes welfare under stressful conditions 
[57,58]. However, very few studies have examined the C. zeylanicum 
stress-reducing effects. 


Cannabis sativa L., commonly known as hemp, is a member of 
the Cannabaceae family. Cannabinoids, flavones, and terpenes 
represent the main phytochemical components of the plant [59]. 
Interest in the seeds of the plant has increased in recent years 
[60]. Hemp seed oil which is a processing product is known for its 
health benefits and nutritional value [61]. Cannabinoids are absent 
from seeds, but their presence in small amounts is possible due to 
contact with the resin secreted by the glandular structures [62,63], 
supporting an added health value [61]. The effects of hempseed oil 
as an additive on fish production under stressful condition have 
not yet been studied, although C. sativa has recently been the focus 
of scientific attention worldwide [59]. 
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This study aims to investigate the effects of Phytogenic Feed 
Additives (PFAs), specifically C. sativa, O. vulgare, and C. zeylanicum, 
on stress reduction in gilthead seabream (Sparus aurata L.), a key 
species in Mediterranean aquaculture. The beneficial role of PFAs 
in aquaculture lacks comprehensive understanding and research, 
particularly regarding its impact on welfare, with a notable gap in 
investigating the potential effects on cannabis within this context, 
making it the first study of its kind in aquaculture. 


MATERIALS AND METHODS 


Experimental fish and culture facilities 


Ethical statement: For the experimental procedures, the European 
Union (EU) legal framework on the welfare and protection of 
animals for scientific purposes (Directive 2010/63/EU) was applied. 
The experiments were carried out in the licensed experimentation 
facility of the Aquaculture Laboratory, Department of Ichthyology 
and Aquatic Environment, University of Thessaly with code EL- 
43BIO/exp-0l. The Federation of European Laboratory Animal 
Science Associations (FELASA)-accredited scientists (functions 
A-D) were responsible to follow the statutory criteria for animal 
experimentation. 


Experimental fish: Experimental fish were transferred to the 
facilities of the Aquaculture Laboratory from a commercial 
fish hatchery. In all three trials, the fish were placed in 125-liter 
glass aquaria with an artificial seawater recirculation system and 
continuous air supply. The acclimation period lasted 14 days, 
during which the experimental fish were provided with their 
control corresponding feed. 


Experimental conditions: During the trials, fish were daily fed 
and water quality parameters were monitored and kept stable at 
21.0°C + 1.0°C temperature, 8.0 + 0.4 pH, 30 g/L salinity, >6.5/L 
dissolved oxygen, <0.1 mg/L total ammonia-nitrogen and 12 h:12 h 
(light: dark) photoperiod. The research adhered to the commonly- 
accepted principles of the ‘3Rs’ (Replacement, Reduction, 
Refinement) and followed the Animal Research: Reporting of in 
vivo Experiments (ARRIVE) guidelines endorsed for experiments 
using live animals. Standardized and well-defined protocols were 
followed for the applied procedures, while the experimental 
facilities were suitable for conducting the study. The fish were 
cared for daily and resided in a conducive environment, while 
unnecessary handling was avoided, to minimize stress. 


Experimental diets 


Seven isonitrogenous (530 g/kg crude protein) and isoenergetic 
(21.3 MJ/kg) diets were formulated (Table 1). The Control Diet 
(CTRL) did not contain any “treatment” oil, while the rest six diets 
were supplemented at 1% or 2% with Phytogenic Feed Additives 
(PFAs), either cannabis (C. sativa) seed oil (CAN1I%, CAN2%), 
Oregano (O. vulgare) essential oil (OR1%, OR2%) and Cinnamon 
(C. zeylanicum) essential oil (CIN1%, CIN2%) at the cost of soybean 
oil. All diets were formulated to satisfy the amino acid requirements 
of the species. Fishmeal and corn gluten were the main animal and 
plant protein sources, respectively, while fish oil was kept constant 
in all diets to satisfy the fatty acid requirements of fish. Vitamins 
and minerals were also kept constant in all diets. All dietary 
ingredients were mixed in a mixer (Maximum MUMXL20G, 
Bosch) and pellets of 1.5 mm diameter were produced using the 
California Pellet Mill (CL-2, IRMECO GmbH, The Netherlands) 
and stored at 4°C until feeding. 
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Table 1: Formulation and proximate composition of the diets containing C. sativa, O. vulgare, and C. zeylanicum oils. 


Experimental diets 


CAN1% CAN2% OR1% OR2% CIN1% CIN2% CTRL 
Formulation (g/kg diet) 
Fishmeal 535 535 535 535 535 535 535 
Corn gluten 242 242 242 242 242 242 242 
Wheat meal 129 129 129 129 129 129 129 
Fish oil 66 66 66 66 66 66 66 
Soybean oil 10 0 10 0 10 0 20 
nae 0 0 0 0 10 20 0 
antes 0 0 10 20 0 0 0 
Hempseed oil 10 20 0 0 0 0 0 
Vit. and minerals, premix 3 3 3 3 3 3 3 
Monocalcium phosphate 3 3 3 3 3 3 3 
Vitamin E 1 1 1 1 1 1 1 
Proximate composition (g/kg) 
Dry matter 922 923.3 918.9 920.7 920.7 920.6 920.7 
Crude protein 524.8 530.1 537.1 539.3 531.3 531 532.1 
Crude lipid 154.3 155.7 147.3 146 159.8 143 159.8 
NFE’ 149 145 142.3 142.8 137.6 155 136 
Ash 94 92.4 92.3 92.6 92 91.6 92.8 
Gross energy (MJ/kg) 21.3 21.2 21.2 21.4 21.1 21.2 21.3 


Note: ‘Nitrogen-free extract (including fiber)=1000-(moisture+protein+tlipid+ash) 


Experimental trials 


In total, three experimental trials were performed: 


Trial I: Impact of starvation on DNA damage and plasma cortisol 
of gilthead seabream fed previously with PFAs: 


Experimental fish: In the “starvation” trial, S. aurata juveniles 
(n=630, mean weight 5.00 + 0.12 g) were divided into seven dietary 
groups (6 aquarium/dietary group, 15 fish/aquarium). 


Experimental conditions: Fish were hand-fed ad libitum, twice a 
day (11:00 and 18:00), 6 days/week for 84 days. At the end of the 
feeding period, a starvation period of 14 days started in three of the 
six aquaria for each dietary group. 


Sampling procedure: At the end of the starvation period, blood 
and liver samples were taken for plasma cortisol and DNA damage 
evaluation by comet assay (see: Sampling procedures). 


Prior to tissue sampling, the weight of fish samples from each 
treatment group was measured as follows: 


Feeding groups: CAN1%: 66,56 + 5,35 g, CAN2%: 70,82 + 4,28 
g, OR1%: 60,88 + 3,17 g, OR2%: 28,92 + 8,99 g, CINI%: 48,58 + 
6,05 g, CIN2%: 29,39 + 2,26 g, CONTROL: 51,62 + 5,14 ¢ 


Starvation groups: CAN1%: 60,71 + 6,42 g, CAN2%: 60,12 + 5,68 
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g, OR1%: 44,14 + 5,23 g, OR2%: 22,59 + 7,04 g, CIN1%: 37,64 + 
3,02 g, CIN2%: 24,04 + 3,33 g, CONTROL: 41,04 + 4,68 g. 


Trial Il: Impact of fish density (crowding) on DNA damage and 
plasma cortisol of gilthead seabream fed previously with PFAs 


Experimental fish: In the “fish density” trial, S. aurata juveniles 
(n=1680, mean weight 5.00 + 0.15 g) were stocked in 42 aquaria. 
Two different densities (in triplicates) were applied for each dietary 
group: A Low Fish Density (LFD) at 1.2 kg/m? (30 fish/aquarium) 
and a High Fish Density (HFD) at 2 kg/m’ (50 fish/aquarium). 


Experimental conditions: Fish were fed by hand, according to 
biomass and temperature, twice a day (11:00 and 18:00), 6 days/ 
week, for 60 days. 


Sampling procedure: At the end of the feeding trial, blood and 
liver samples were taken for plasma cortisol and DNA damage 
evaluation by comet assay (see: Sampling procedures). Before the 
tissue sampling, the fish samples of each treatment were weighted: 
LED group: CAN1%: 51,29 + 2,28 g, CAN2%: 53,14 + 1,41 g, 
OR1%: 41,52 + 3,12 g, OR2%: 24,31 + 2,19 g, CIN1%: 36,20 + 
5,02 g, CIN2%: 26,18 + 1,23 g, CONTROL: 47,12 + 2,96 g, HFD 
group: CAN1%: 48,28 + 2,19 g, CAN2%: 50,15 + 4,62 g, OR1%: 
40,24 + 2,96 g, OR2%: 24,14 + 3,16 g, CIN1%: 35,41 + 2,17 g, 
CIN2%: 24,97 + 2,39 g, CONTROL: 45,02 + 2,14 g. 


Antoniadou E, et al. 


Trial III: Impact of manual handling on DNA damage and plasma 
cortisol of gilthead seabream fed previously with PFAs 


Experimental fish: In the “handling stress” trial, S. awrata juveniles 
(n=315, mean weight 5.00 + 0.72 g) were stocked in 21 glass aquaria 
(3 aquaria/dietary group, 15 fish/aquarium). 


Experimental conditions: Fish were fed ad libitum, twice a day 


(11:00 and 18:00) 6 days/week, for 84 days. 


Sampling procedure: At the end of this trial, three fish from each 
aquarium were randomly captured and kept out of water in the open 
air for 5 min, using intense netting procedures. The fish underwent 
a period of 30 minutes of acclimation within the tank prior to 
blood sampling, following established scientific procedures. Then, 
they were rapidly anesthetized, and the blood and liver samplings 
were carried out for plasma cortisol and DNA damage evaluation by 
comet assay (see: Sampling procedures). Before tissue sampling, fish 
weight of fish samples of each treatment was measured: CAN1%: 
50,47 + 3,17 g, CAN2%: 51,26 + 1,98 g, OR1%: 43,12 + 3,49 g, 
OR2%: 27,25 + 2,49 g, CIN1%: 39,41 + 4,06 g, CIN2%: 28,02 + 
2,31 g, CONTROL: 46,29 + 4,12 g. 


Sampling procedures 


At the end of all trials, five fish were randomly selected from each 
aquarium for blood and liver samples. 


Blood sampling: Fish were anaesthetized with a dose (50 mg/L) 
of tricaine methanesulfonate (MS-222) for blood collection. Blood 
was obtained from the caudal vein, using heparinized syringes 
fitted with 21G needles, for plasma cortisol determination and 
erythrocytes DNA damage evaluation. 


Liver sampling: After being euthanized with an overdose of 
anaesthetic (300 mg/L) of MS-222 according to Directive 2010/63/ 
EU on the protection of animals used for scientific purposes, fish 
were individually dissected and liver samples were removed quickly 
for DNA damage assessment by comet assay. 


Analytical techniques 


Single cell gel electrophoresis (Comet Assay): At the termination of 
each trial, after the fish were euthanized, the liver was removed and 
2 pl of the blood taken was mixed with 1 ml Phosphate-Buffered 
Saline (PBS). Liver tissue was placed in a cold HBSS-balanced 
solution (Mg**, Ca’* free) on ice. The tissue was injected with 
collagenase solution (Biochrom AG, Germany) and minced with 
razor blades into small pieces on a petri plate. The cell suspension 
was filtered through sterilized gauze in a centrifuge tube. Cells were 
centrifuged at 3000 rpm for 5 min and the remaining pellet was 
resuspended in 10 ml PBS. Centrifugation and resuspension were 
repeated 2 additional times. DNA damage was assessed by comet 
assay. The alkaline comet assay protocol was based on applying 
minor modifications [64]. Frosted slides were precoated with a 300 
pl layer of 0.5% Normal Melting Point Agarose (NMA). 20 pl of the 
cell suspension was mixed with 0.5% Low Melting Point Agarose 
(LMA) (Sigma, USA) and dropped to the agarose-precoated slide. A 
22 mm * 22 mm coverslip was used to cover the agarose and waited 
until the agarose gelled. The cells were lysed by immersion of the 
slides, for at least one hour (4°C), in a freshly prepared lysis buffer 
(2.5 M NaCl, 100 mM Na EDTA, 10 mM Tris, with 1% Triton 
X-100 and 10% DMSO). 


Subsequently, slides were washed into cold water (3x) and placed on 
a horizontal gel electrophoresis tray containing an alkaline solution 
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(1 mM Na2EDTA, 300 mM NaOH, pH 13). DNA unwinding was 
achieved by maintenance of the slides in this buffer for 25 min. The 
electrophoresis was then carried out for 15 min (30 V, 300 mA), in 
dim light. Thereafter, the slides were neutralized with 0.4 M Tris 
buffer (pH 7.5). For DNA damage scoring, images of 50 randomly 
selected nuclei on each triplicate slide were analyzed for each sample 
using a fluorescence microscope (Olympus BX43, Tokyo, Japan) in 
a dark room. DNA migration was analyzed using the Comet Assay 
IVTM comet scoring system with a camera (Perceptive Instruments- 
Instem, Suffolk, UK), and the parameter Tail DNA damage (%) 
was assessed for the DNA damage quantification. 


Plasma cortisol: The blood samples were rapidly centrifuged (5000 
rpm, 10 min) and the plasma was stored at-20°C. For the cortisol 
extraction, 100 pl of plasma was mixed with 1 ml of diethyl ether. 
After the phase’s separation, the liquid phase was transferred in 
a clean glass tube and evaporated in a water bath at 45°C for 45 
min. 100 pl of Enzyme Immunoassay buffer (EIA buffer Cayman 
Chemical, MI, USA) was used for the reconstitution of the 
residue. Plasma cortisol was determined using an Enzyme-Linked 
Immunosorbent Assay (ELISA) kit (product number 500360; 
Cayman Chemical Cortisol ELISA kit, Cayman Chemical, Ann 
Arbor, MI) by the manufacturer’s instructions. The plates were 
read at an absorbance of 410 nm in a FLUOstar Omega microplate 


reader from BMG LABTECH. 
Statistical analysis 


In order to assess whether the observed differences are likely to 
occur by chance, the statistical analysis method known as the 
t-test was employed to compare the averages of two groups. The 
test utilized the Student’s t-distribution as the statistical criterion 
under the assumption of the null hypothesis. For the evaluation of 
hypotheses involving the seven groups, the statistical test employed 
was the Analysis of Variance (ANOVA). However, as ANOVA 
alone does not provide detailed insights into specific comparisons 
between groups, the Tukey’s test was utilized as a post hoc analysis. 
This additional test allowed a more comprehensive understanding 
of the data by assessing the significance of differences between 
pairs of group means. Cortisol values and tail DNA damage (%) 
data were presented as the mean + standard error. Mean values 
were compared among treatments of the same stress factor. In the 
trial I feeding and starvation data were analyzed using Student’s 
t-test within the same group and one-way ANOVA and Tukey’s post 
hoc test were used for the analysis of the same treatment between 
the groups. In the trial II different fish-density data were compared 
using Student’s t-test within the same feeding group and one-way 
ANOVA and Tukey’s post hoc test were used for analysis of the same 
fish density between the feeding groups. In the trial III, stress data 
of different feeding groups were analyzed using one-way ANOVA 
and Tukey’s post hoc test. The SPSS Statistics 26 statistical package 
was applied in all cases and differences were considered significant 


at P<0.05. 
RESULTS 


Experimental results 


Trial I: Impact of starvation on DNA damage and plasma cortisol 
of gilthead seabream previously fed with phytogenic feed additives 


StaRvation in the control group significantly induced higher DNA 
damage in the hepatocytes compared to the control feeding group 
(feeding groups vs. starvation groups) (Figure 1). Nevertheless, the 


4 
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addition of PFAs to the starved groups resulted in a significant 
reduction in the induced genotoxicity when compared to the 
control group (starvation groups). Concerning feeding groups, 
DNA damage in hepatocytes was similar among the PFAs fed 
groups and the control fed group, except for OR1% group, in 
which DNA fragmentation was significantly decreased. 


DNA damage in erythrocytes revealed that starvation induces 
higher genotoxicity compared to feeding (feeding groups vs. 
starvation groups, Figure 2), which was significant in each dietary 
group. No differences were described between the starved groups, 
including the control one (starvation groups, Figure 2). The dose 
of a particular PFA in the diet did not show to affect significantly 
the DNA damage, except for CIN1% which showed significantly 
lower DNA fragmentation than the CIN2% group (starvation 
groups, Figure 2). Concerning the feeding groups, significant DNA 
fragmentation decrease was shown in the CAN(1% and 2%) and 
OR (1% and 2%) groups, compared to the control one. 


Starvation increased significantly the cortisol levels in all dietary 
groups (feeding groups vs. starvation groups, but starved fish that 
had previously fed with CAN1%, CAN2%, OR2%, CIN1%, and 
CIN2% had significantly lower levels compared to the control one 
(starvation groups, Figure 3). Among the feeding groups, those 
fed with the oregano oil showed significantly higher cortisol levels 
compared to the rest groups, including the control one (feeding 
groups, Figure 3). 


Trial Il: Impact of fish density on DNA damage and plasma 
cortisol of gilthead seabream previously fed with phytogenic feed 
additives 


The impact of PFAs on genotoxicity induced in hepatocytes was 
more obvious in HFD groups compared to LFD groups, as in most 
cases, except for the CIN2% group, significantly lower DNA damage 
values were recorded (LFC vs. HFD groups, Figure 4). Both OR1% 
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and CAN1% HFD groups induced significantly lower genotoxicity 
compared to the control group (HFD groups, Figure 4). Also, HFD 
groups fed with 1% PFAs induced lower genotoxicity compared to 
the 2% PFAs groups (P<0.05), except for cinnamon groups, where 
no significant differences were mentioned between the two doses 
applied (HFD groups). Concerning LFD groups, CAN1%, OR1%, 
CIN2% maintained the genotoxicity at the control group’s level, 
however CAN2%, OR2%, CIN1% increased significantly DNA 
damage compared to the control group (LFD groups). In LFD 
cinnamon groups, the CIN1% group showed higher DNA damage 
than the CIN2% group (P<0.05), however, in all other LFD groups 
the opposite pattern was observed. 


PFAs proved to be more effective in HFD groups compared to 
LFD groups of the same dietary group decreasing genotoxicity in 
erythrocytes (LFC vs. HFD groups, Figure 5). Concerning both 
density groups (LFD and HFD), no significant differences were 
observed among the two doses of the same PFA tested. Both 
cannabis HFD groups (CAN1% and CAN2%) showed increased 
DNA damage values, compared to control and other PFAs groups 
(HFD groups, Figure 5). Concerning LFD groups, PFAs didn’t had 
any impact on induced genotoxicity (LFD groups). 


Concerning fish fed the same diet, fish density did not affect the 
cortisol levels in all dietary groups, except for CIN1% in which lower 
(P<0.05) levels were presented at high density (LFD vs. HFD, Figure 
6). CAN1%, OR1%, and CIN1% diets significantly increased the 
cortisol levels in fish under low fish density conditions, compared 
to those found in the control and other groups (LFD groups, Figure 
6). CAN2%, OR2%, and CIN2% supplement diets proved to be 
more effective in HFD groups, reducing cortisol levels, compared 
to those found in the control and other PFAs groups (HFD groups). 
Differences between the two doses of the same PFA were observed 
in all cases in both LFD and HFD groups, while more effective 
were diets supplemented with the higher doses. 
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Figure 1: Tail DNA damage (%) in hepatocytes after starvation challenge. Values not sharing a common uppercase (feeding groups) or lowercase 
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Figure 2: DNA damage in erythrocytes after starvation challenge. Values not sharing a common uppercase (feeding groups) or lowercase (starvation 
groups) superscript letter are significantly different (P<0.05). Note: “A statistical difference between the feeding and starvation groups of the same 


dietary group. 
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Figure 3: Cortisol levels after starvation challenge. Values not sharing a common uppercase (feeding groups) or lowercase (starvation groups) 
superscript letter are significantly different (P<0.05). Note: “A statistical difference between the feeding and starvation groups of the same dietary 
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Figure 4: DNA damage in hepatocytes after fish density challenge. Values not sharing a common uppercase (LFD groups) or lowercase (HFD groups) 
superscript letter are significantly different (P<0.05). Note: “A statistical difference between the LFD and HFD groups of the same dietary group. 
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Figure 5: DNA damage in erythrocytes after fish density challenge. Values not sharing a common uppercase (LFD groups) or lowercase (HFD groups) 
superscript letter are significantly different (P<0.05). Note: “A statistical difference between the LFH and HFD groups of the same dietary group. 
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Figure 6: Cortisol levels after fish density challenge. Values not sharing a common uppercase (LFD groups) or lowercase (HFD groups) superscript 


letter are significantly different (P<0.05). Note: “A statistical difference between the LFH and HFD groups of the same dietary group. 


Trial II: Impact of manual handling on DNA damage and plasma 
cortisol of gilthead seabream previously fed with phytogenic feed 
additives 


The fish feed supplementation with PFAs didn’t mitigate the 
genotoxicity in hepatocytes, induced by the manual handling 
of experimental fish. After the handling stress challenge, DNA 
damage levels in hepatocytes of the CAN1% group were similar 
to those of the control group (Figure 7). On the other hand, 
significantly higher genotoxicity was recorded in all the other 
groups supplemented with PFAs, compared to the control and 
CAN1% groups. 


In groups supplemented with PFAs, DNA fragmentation in 
erythrocytes was kept at the control group’s level, in most 
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cases, while the CIN2% group was the only one which showed 
significantly higher genotoxicity (Figure 8). Furthermore, this was 
the only group that revealed higher DNA fragmentation compared 
to the CIN1% group (P<0.05), while DNA damage among the 
two applied doses did not vary significantly in the C. sativa and O. 
vulgare groups. 


Concerning cortisol levels, there were significant variations 
between the control group and groups fed with diets supplemented 
with PFAs (Figure 9). Cortisol levels in groups fed with CAN1%, 
CIN1%, and CIN2% were significantly lower compared to the 
control group, while fish fed with O. vulgare diets (OR1% and 
OR2%) had significantly higher cortisol levels compared to the 
other groups supplemented with PFAs and the control group. 
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Figure 7: DNA damage in hepatocytes after handling stress challenge. Values not sharing a common superscript letter are significantly different 
(P<0.05). 
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Figure 8: DNA damage in erythrocytes after handling stress challenge. Values not sharing a common superscript letter are significantly different 
(P<0.05). 
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Figure 9: Cortisol levels after handling stress challenge. Values not sharing a common superscript letter are significantly different (P<0.05). 
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DISCUSSION 


Starvation 


Intensive fish culture practices create the necessity to search for 
medicinal-plant extracts that may act as stress-reducing agents 
under fish farming conditions. In recent years, given the growing 
concern about fish welfare, the inclusion of beneficial feed 
additives to mitigate stress induced by aquaculture practices has 
been an important research issue. Extracts from medicinal plants 
and fruits possess several medicinal properties related to substantial 
antioxidant effects [38]. However, there has been little research on 
natural products with antioxidant properties used in the feeding 


of fish [65]. 


In aquaculture, although starvation before slaughter is a common 
practice, is considered a severe stress factor that may affect flesh 
quality, reproduction, development, growth, and welfare of fish 
[19,66]. Also, alternating periods of food deprivation and refeeding 
is a cost-effective strategy resulting in enhanced growth and feed 
utilization [67]. In the present study, the two-week starvation 
proved to be a significant stressor, as shown mainly by the increased 
cortisol levels and DNA damage in the control groups. This is a 
reasonable finding considering that starvation is known to lead 
to oxidative stress and the production of ROS has been linked 
with molecular damage in living cells leading to cell death [17,68- 
71]. Starvation is also known to be an important stress factor as 
it has been shown that the induced DNA damage produces ROS 
during the first weeks of food deprivation, but repair mechanisms 
are activated during the following weeks [72]. Furthermore, DNA 
damage in liver cells in gilthead seabream has been reported after 
a period of 7, 14, and 21 days of starvation [13]. Presently, all 
the PFAs-based diets proved to have a genoprotective role in the 
hepatocytes of seabream given that their induced DNA damage 
after starvation was significantly lower compared to that found in 
the control group. However, the fact that the genotoxicity level in 
the hepatocytes of the feeding control group was similar to that of 
the feeding PFAs groups denotes that the genoprotective role of 
PFAs is stronger after a starvation challenge than during feeding. 
Nevertheless, fish fed with oregano oil at 1% of the diet showed 
a higher genoprotective role compared to the rest dietary groups. 
Previous studies have indicated the genoprotective role of Oregano 
EO, including fish [47,73,74]. No significant differences were 
presented between the feeding and the starvation group of the same 
PFA, indicating the protective effect of medicinal plants under 
starvation. In the starvation groups, low doses of each PFA proved 
to be adequate for their genoprotective effect, as they presented 
lower DNA fragmentation values compared to higher ones. The 
same pattern concerning the dose’s impact has been also presented 
in the case of oregano EO-supplemented diets in common carp, in 
which the DNA fragmentation induced was proportional to the 
applied dose [47]. Natural products and essential oils may have 
adverse effects on fish, as it is possible for the high concentration 
of bioactive compounds to act as an extra stress factor inducing 
extra genotoxicity. 


On the other hand, the genoprotective role of PFAs during 
starvation was not obvious in the fish erythrocytes, where DNA 
damage was similar among all starved groups irrespectively of 
the diet previously fed. DNA damage in erythrocytes is often 
evaluated by comet assay as it is an easily collected and processed 
tissue [75-78]. However, in fish, ROS are produced under food 
deprivation conditions and are bio-accumulated in the liver, a fact 
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that probably is related to the differences observed between the two 
examined tissues in our study [79]. Furthermore, during starvation, 
the nutrients are stored in the liver to maintain homeostasis, while 
structural changes have been reported, including a reduction in the 
size of hepatocytes and lipid vacuoles affecting metabolic activity 
{80,81]. On the other hand, an increase in RBCs attributed to the 
changes in whole-body water content has been reported during 
starvation [82]. Therefore, different genotoxicity responses may be 
related to the different effects of starvation in target tissues. Also, 
these differences between hepatocytes and erythrocytes may be 
related to differences in DNA single-strand breaks between the two 
types of cells, as the repair mechanism and metabolic activity are 


involved [83]. 


Cortisol is recognized as a key player in the stress response across 
vertebrates and stress response and is strongly related to the 
nutritional state in gilthead sea bream [84]. However, there is an 
inconsistency in cortisol response under starvation as cortisol 
levels may be increased, remain stable, or decrease [80,85,86]. 
Furthermore, cortisol response may be suppressed in starved fish as 
food deprivation inhibits the cortisol secretion mechanism [87]. In 
the present study cortisol response was not restrained in the starved 
fish fed with PFAs. The protective role of PFAs was indicated by 
the cortisol values as in most cases they mitigated efficiently the 
cortisol secretion after the starvation challenge, compared to the 
control group. Previous studies revealed the use of phytogenic 
feed additives as natural anti-stress agents in Nile tilapia, reducing 
cortisol levels after a starvation period and dietary supplementation 
with PFAs [88]. This may be related to the antioxidant properties 
of O. vulgare, C. zeylanicum, and C. sativa [45,54,60]. Cortisol is 
the primary corticosteroid hormone and has a major role in the 
mobilization of energy during stress under farming conditions, 
affecting the activity of important antioxidant enzymes [25,89]. 
The reduction of cortisol may be explained by the blockage of 
sensory information transmission to the hypothalamus [90,91]. 
Furthermore, it may be related to a decrease in cholesterol levels, a 
primary precursor in cortisol biosynthesis in starved fish [92]. The 
inclusion of O. vulgare EO in the diets of sea bass (Dicentrarchus 
labrax) has been proven to decrease cholesterol in serum while 
oregano in a mixture with other PFAs may reduce cholesterol 
levels in common carp (Cyprinus carpio) [43,93,94]. The reduction 
of cholesterol levels after dietary supplementation with Oregano 
may be attributed to the suppression of 3-hydroxy-3- methylglutaryl 
coenzyme A reductase (HMG-CoA), which is a regulatory enzyme 
for cholesterol de novo biosynthesis [95]. Similar results have also 
been described after dietary supplementation of C. zeylanicum and 
C. sativa in Nile tilapia and common carp, respectively proving 
their beneficial role in reducing cholesterol [96,97]. Decreased 
cholesterol levels after administration of dietary cinnamon may be 
explained by the enhancement of activity of antioxidant enzymes 
to block the HMG-CoA reductase enzyme and prevent lipid 
peroxidation [98]. Beneficial effect of hemp seed oil in reducing 
hypercholesterolemia has been also highlighted and could be due 
to the phytosterol B-sitosterol which prevents cholesterol absorption 
through crystallization and coprecipitation [99]. 


Fish density 


High stocking density is a common husbandry practice in 
aquaculture [100,101]. It may affect fish physiology, and disturb 
the balance of homeostasis in farmed aquatic animals and, thus, 
fish welfare [102-104]. In the present study, diet supplementation 
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with PFAs affected stress indices assessed, under different fish 
density conditions. Although the density applied in this study 
was not as high as typically seen in commercial aquaculture, the 
observed differences between the two applied densities provide 
valuable insights, highlighting that conditions encountered in 
large-scale farming operations could not be fully replicated in 
laboratory settings. The genoprotective role of PFAs diets proved to 
be more obvious under high fish density conditions compared to 
lower ones, in both hepatocytes and erythrocytes, as DNA damage 
values were significantly reduced in HFD groups compared to LFD 
groups. It is already confirmed that high stocking density induces 
chronic stress in fish increasing the production of Reactive Oxygen 
Species (ROS), which may damage DNA, proteins, and lipids 
[10,105]. High stocking density under farming conditions changes 
the antioxidative status in aquatic animals causing oxidative stress 
conditions, affecting the scavenging capacity of the antioxidant 
defense system and its ability to remove ROS and protect against 
oxidative damage [106-108]. 


PFAs are commonly accepted as antioxidants that may activate the 
antioxidant defense system affecting the activity of antioxidant 
enzymes under high stocking density. The genoprotective role of 
PFAs under high-density conditions was confirmed in the case of 
OR1% and CAN1% supplemented diets in hepatocytes, while 
the same pattern was not obvious in erythrocytes. Lower doses 
proved to be sufficient in both hepatocytes and erythrocytes. 
In some cases, CAN2%, OR2%, and CIN1% diets increased 
genotoxicity induced in hepatocytes, while both cannabis diets 
increased genotoxicity induced in erythrocytes. Concerning the 
genotoxicity induced, there is not a clear pattern as the antioxidant 
parameters related to high stocking density may be increased or 
inhibited indicating either that the antioxidant defense system 
may be activated to cope with the adverse stimulation or that it 
may depress the activity of antioxidant enzymes as its consumption 
could be greater than its synthesis [106,109,110]. The differences in 
genotoxicity induced between the examined tissues were previously 
discussed and may be explained by variations in DNA damage and 
repair mechanisms [83]. Furthermore, concerning hepatocytes, 
high stocking density in fish increases malonaldehyde as a final 
product of lipid peroxidation [111,112]. The genoprotective role of 
some PFAs exclusively in hepatocytes inhibits the liver’s functional 
abnormalities and lipid peroxidation caused by the imbalance 
between oxidant and antioxidant agents [113]. Lipid peroxidation 
and its products activate cell necrosis through the apoptotic Fas- 
ligand pathway, which is important for the homeostasis of cells in 
the immune system, while this way of cell killing is related to DNA- 
damaging agents causing lesions that up-regulate Fas receptor [114]. 
Moreover, high stocking density as a stressor has been confirmed 
to induce changes in amino acid carbohydrate and triglyceride 
metabolism and abnormal lipid metabolism in the fish liver 
[115,116]. The high lipid utilization of the organism to cope with 
stress may reduce the lipid content in the liver of gilthead seabream 
under high stocking density, while multiple omics analysis has 
revealed abnormal lipid metabolism in fish [117-119]. 


PFAs diets in high doses supported the trend to reduce or 
mitigate the cortisol levels in both examined stocking densities, as 
significantly lower values were presented, compared to low doses. It 
is already known that high stocking density increases the circulating 
cortisol [120]. In the present study, high doses of all PFAs applied 
proved to reduce cortisol secretion compared to the control 
group under high-density conditions. Many medicinal plants have 
proven their effectiveness to mitigate plasma cortisol levels after 
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exposure to high stocking densities [121,122]. The protective role 
of cinnamon under chronic environmental stress factors was also 
investigated in Nile tilapia showing its impact to mitigate cortisol 
levels [96]. The ability of EOs to affect cortisol levels in fish reared 
under high stocking density has also been described in the cases 
of supplementation of the daily meal of silver catfish and gilthead 
seabream with Lippia alba and Myrcia sylvatica, respectively [123,124]. 
Additionally, the beneficial effect of O. vulgare EO as a dietary 
additive has been reported under different stocking densities in 
Nile tilapia [44,125], and under different chronic environmental 
stressors [41,93,126]. In LFD significantly higher cortisol level was 
presented in the CAN1%, OR1%, and CIN1% groups compared 
to the control group. Cortisol secretion is influenced by dietary oils 
as it may be increased after the crowding challenge of gilthead sea 
bream [84,127]. However, the effect of EOs on cortisol secretion 
and the precise mechanism remains unknown [128]. Fish species, 
other factors related to the animals living, the type, intensity, and 
duration of the stressor may affect stress response which is handled 
through different stress pathways in S. aurata [21,129]. 


Handling 


Handling procedures are considered acute stressors and refer to 
the activities that take place during the production cycle, including 
capture (chasing, netting, and air exposure) and transportation 
within the rearing system, between farms and before the products 
are marketed for human consumption and slaughter [12]. During 
the last years, PFAs have proved their stress-reducing efficacy against 
stressful aquaculture practices, including handling [130-132]. 


In the present study, the CAN1% group proved to reduce DNA 
damage induced after handling stress in hepatocytes. However, all 
other PFAs supplemented diets applied increased the genotoxicity 
induced in hepatocytes. On the other hand, increased genotoxicity 
in erythrocytes was induced only in the case of the CIN2% group, 
while in most cases no differences were recorded between the groups 
supplemented with PFAs and the control group. Genotoxicity of 
natural products and essential oils has been already reported in 
mammals, as despite their health benefits they may cause toxic 
effects and oxidative stress [133]. Acute stressors affect DNA damage 
and apoptosis in aquatic organisms, while vigorous movements 
have been shown to cause oxidative stress and DNA degradation in 
fish [13,134,135]. Limited effectiveness of PFAs to mitigate induced 
genotoxicity may be related to handling procedures being strongly 
related to hypoxia caused by a shortage of adequate oxygen due to 
air exposure, which is a very stressful condition and should be kept 
at a minimum level [10]. Exposure to hypoxia has adverse effects 
on health, disturbing physiological homeostasis and inducing 
stress responses [136]. Adaptive responses using physiological and 
biochemical adjustments are activated by fish, towards homeostasis 
achievement and survival [137]. It is known that liver physiology 
has been found to respond to hypoxia, showing a robust correlation 
of hepatic response with gill damage and stress response [138,139]. 
Adaptation to hypoxia has been described in blood erythrocytes, 
which are responsible for oxygen transportation. An increase in the 
number of erythrocytes and haematocrit is usually recorded under 
low oxygen availability, due to the action of catecholamines and 
contraction of the spleen, however, this is not an exclusive pattern 
[140-143]. Differences in adaptation mechanisms to hypoxia may be 
related to the different responses of examined tissues concerning 
the genotoxicity induced. These differences have been previously 
discussed and may be also explained by differential gene expression 
and regulation of different cells in a multicellular organism [83]. 
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It is well known that rapid exposure to hypoxia results in 
elevated cortisol levels in fish [136,144,145]. In the present study, 
significantly lower cortisol levels in fish fed with hempseed oil 
(1%) and Cinnamon EO were recorded, indicating that these 
phytogenic additives were capable of restraining the elevated 
cortisol levels triggered by intense handling. The negative impact 
of acute handling stress on cortisol and other blood parameters 
in gilthead seabream has been reported [13,146,147]. Phytobiotics 
restrain cortisol, as reduction of cortisol levels has been observed in 
the case of C. zeylanicum incorporated diets, under stress conditions 
induced by hypoxia in fish [148]. Moreover, a similar pattern has 
been observed in the case of Aloysia triphylla after handling [91]. 
Conversely, fish presently fed with oregano EO incorporated 
diets showed significantly higher cortisol values compared to the 
control group, which may be related to the blockage of the cortisol 
response, as previously discussed in European sea bass [46]. 


CONCLUSION 


In summary, the utilization of PFAs as natural stress-reducing 
agents with welfareenhancing properties was demonstrated, 
highlighting their potential in optimizing intensive practices 
O. vulgare and C. zeylanicum Essential Oils (EOs) are widely 
recognized as commonly used phytobiotics; however, their effects 
have primarily been evaluated in non-Mediterranean fish species 
exposed to different stressors. Furthermore, while the scientific 
community has shown considerable interest in C. sativa oil 
worldwide due to its recognized health benefits and nutritional 
value, this study contributes by addressing a critical knowledge 
gap and investigating the effects of C. sativa oil on fish production 
under stressful conditions, thus expanding the understanding in 
this field. Oregano and cinnamon essential oils, along with hemp 
seed oil, exhibited their advantageous effects as PFAs in alleviating 
stress induced by common acute and chronic stressors. Their 
capacity to promote welfare was particularly evident when faced 
with challenging circumstances, resulting in decreased levels of 
cortisol and genotoxicity. Notably, even at lower doses, these PFAs 
demonstrated efficacy in mitigating the stress response. However, 
further scientific inquiry is warranted to ascertain the most suitable 
and efficacious dosage for specific stress factors and fish species, 
while additional stress indices should be investigated to provide a 
comprehensive understanding of the physiological and behavioral 
responses of fish under various stress conditions. 
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